The local fluorescence probes, 2-(p-toluidino)-6-naphthalenesulfonic acid (TNS) and NADPH were employed to detect urea-induced conformation changes at each active site of dihydrofolate reductase (DHFR), respectively. The results indicate that local conformation change at DHF/TNS could be superimposed by the conformation change calculated from the enzyme activity change with a three-state model; while at NADPH site it is lagged in the first transition. This difference is further supported by the different relative changes of Michaelis constants at 0, 1 and 1.8 M urea for each substrate. Our results suggest that local conformation at DHF site is more flexible than that at NADPH site, and the urea-induced unfolding could be ascribed to a four-state transition.
INTRODUCTION
Urea and guanidine hydrochloride (GuHCl) are commonly employed denaturants for proteins and are generally believed to cause inactivation and unfolding of proteins by disruption of the tertiary and secondary structures, especially at high concentrations. In many investigations of denaturant-induced enzyme inactivation mechanisms, only dihydrofolate reductase (DHFR) [1 and references therein], adenylate kinase [2] and several others [3] could be activated at low denaturant concentrations. DHFR (EC 1.5.1.3) catalyzes the NADPH-dependent reduction of 7, 8-dihydrofolate (DHF) to 5, 6, 7, 8-tetrahydrofolate (THF) and plays an important role in nucleotide biosynthesis. One of the interesting properties of DHFR isolated from eukaryotic cells is its activation by a diverse group of agents, including inorganic salts, thiol modifiers and chaotropes, especially urea and GuHCl. Previous results in our laboratory suggest that the activation of DHFR at low denaturant concentrations is accompanied by an increase in flexibility of the enzyme at its active sites, which is essential for the full expression of its catalytic activity [4] . As DHFR has two substrate sites, it is of interest to know whether the local conformation change at the active sites is cooperative or not.
MATERIALS AND METHODS

Materials
Dihydrofolate (approximate 90%), NADPH (approximate 97%) and TNS (2-(p-toluidino)-6-naphthalenesulfonic acid) were purchased from Sigma, Sephadex G-75 from Pharmacia, Ni-NTA agarose from Qiagen. Other reagents were local products of analytical grade without further purification. Double deionized water was used throughout.
*Address correspondence to this author at the Institute of Biophysics, Academy Sinica, 15 Datun Road, Beijing 100101, China; Fax: (86) (10) 62022026; E-mail: hjzhang@sun5.ibp.ac.cn
Construction of Chinese Hamster Ovary DHFR Expression Plasmid
The plasmid, pDHFR, was kindly provided by Prof. Guozhong Jing [5] in our institute. To facilitate synthesis of DHFR in E. coli BL21 (DE3), plasmid pDHFR was restriction digested by NcoI and SalI, the smaller fragment harboring Chinese hamster ovary DHFR gene was isolated and gel purified and then cloned into NcoI and SalI sites in the expression vector pET-DB [6, 7] with 6 His residues and a thrombin digestion site at the N-terminal of the protein.
Purification of Chinese Hamster Ovary DHFR
LB medium containing 50 µg Kanamycin was inoculated with overnight culture at a dilution ratio 1:50. The cells were grown at 37 ºC until A 600 nm was approximately 0.6, induced with 0.5 mM IPTG for 4 h, and harvested by centrifugation at 4,000 rpm for 10 min at 4 ºC. The recombinant protein was released by sonication in 50 mM sodium phosphate buffer with 100 mM NaCl, pH 7.5. The suspension was centrifuged at 13,000 rpm for 10 min at 4 ºC. The DHFR protein with His-tag at N-terminal was purified using a Ni-NTA agarose column according to the manufacturer's instructions. The His-tag was removed by adding thrombin and the DHFR was further purified through a Sephadex G-75 column. Its purity was checked by SDS-PAGE with a single band. The specific activity of purified enzyme was 7.5 µmol mg -1 min -1 at 25 ºC.
Enzyme Assays
The activity of DHFR was determined at 25 ºC by following the decrease of NADPH and DHF by absorbance measurements at 340 nm, using a Shimadzu UV2501 spectrophotometer thermostated at 25 ºC [8] . Experiments were performed at pH 7.5 in a buffer mixture containing 50 mM sodium phosphate, 10 mM β-mercaptoethanol. The concentrations of enzyme, NADPH and DHF are given in the text or in the legends to the figures.
Fluorescence Measurements
Fluorescence emission spectra were measured in 1 cm cells using a HITACHI F-4500 Fluorescence Spectrophotometer. For the intrinsic fluorescence, emission spectra were excited at 280 nm and recorded from 300 to 400 nm with an increment of 1 nm and a response time of 1 s. For extrinsic fluorescence, emission spectra were excited at 323 nm and recorded from 400 to 500 nm. Excitation and emission slits of 5 nm were employed during all spectra measurements.
Data Analysis
Evaluation of the isothermal unfolding curve was performed numerically according to Santoro and Bolen's procedure [10] using the equations: 
Evaluation of the kinetic parameters of CHO-DHFR, k cat was determined with one substrate (DHF or NADPH) as variable in the presence of the saturated concentration of the other substrate. The rate was extrapolated to saturating substrate concentration by fitting the initial rate data to a Michaelis-Menten equation (4):
where kcat is the Michaelis-Menten constant, [ Fig. 1 (line 1) shows the relative activity changes of CHO-DHFR in different urea concentrations during the unfolding process. As previously reported [8] , low urea concentrations can cause an 0.8 fold increase in activity CHO-DHFR, and maximum activation occurs with a urea concentration of about 1.8 M. Further increase in urea concentrations leads to enzyme inactivation with 1.8 fold decrease. Fig. 1, line 2 shows the relative conformational changes versus urea concentrations which were obtained by rescaling the total observed enzyme activity change of native protein as unity. For example, at 3.0 M urea, the enzyme activity change was at first a 0.8 fold increase, then a 1.2 fold decreases, a total enzyme activity change of 2.0. The fraction of native conformation maintained is calculated as 0.77. From this plot, a stepwise signal change is clearly shown. The first sigmoidal transition occurred with C 1/2, 1-act , the urea concentration with 50% signal change, at 0.5 M; the second sigmoidal change from 1.8 M to 4.0 M urea with C 1/2, 2-act at 2.7 M ( Table 1) . This result suggests that there are conformational changes during urea unfolding leading to the activation of CHO-DHFR at low urea concentrations.
RESULTS
Activity Changes in Urea
Local Conformational Change at Substrate-Binding Sites
It has been reported that TNS can bind to DHFR at its DHF site, leading to a blue shift of maximum emission peak to 450 nm. This has been used to investigate the local conformation change at/near the enzyme active site (9) . Line 3 in Fig. 1 shows the extrinsic TNS-binding fluorescence intensity changes versus urea concentrations at 25 ºC after 12h incubation. Two sigmoidal changes occurred sequentially, the first one led to 30% signal decrease between 0 M and 1 M urea with the C 1/2, 1-TNS value at 0.5 M; and the second referred to the rest signal decrease from 1 M to 3.5 M urea with the C 1/2, 2-TNS value at 2.6 M (see Table 1 ). There is a plateau area between these two transitions. These results suggest that there is a structural intermediate in its unfolding pathway, in which the local packing at DHF/TNS binding site becomes more accessible to the solvent medium.
Besides the probe at the DHF/TNS binding site, the substrate NADPH can also be utilized to report the conformational property at its active site. After NADPH is bound, the NADPH fluorescence increases and the maximum emission peak shifts to 440 nm as shown in Fig. 2 . When the protein was incubated with different concentrations of urea, the unfolding transition curve monitored by this probe could be depicted with a three-state model. The first transition occurred from 0.5 M to 2.2 M with the C 1/2, 1-NADPH value of 1.1 M urea, following the second transition finished at 3.5 M urea with the C 1/2, 2-NADPH value of 2.6 M (see Table 1 ). These results indicate that there is a folding intermediate on the unfolding pathway, of which the local packing at the NADPH/NADP active site becomes more exposed to the solvent.
Tertiary Structure Change by Intrinsic Fluorescence
There are five tyrosine and three tryptophan residues located in different parts of the CHO-DHFR molecule. The observed intrinsic fluorescence changes are likely to represent global conformational effects. Fig. 1, line 5 shows the unfolding transition curves monitored by the relative fluorescence intensity changes at 330 nm. From low urea concentrations up to 1.8 M, there are only slight changes, while at urea concentrations of 1.8 M to 3.4 M, the emission intensity decreased sharply indicating a marked structure change. Further addition caused a small linear increase in emission intensity. The single sigmoidal curve suggests that a two-state model could be applied to the globular tertiary structural change. Using a published method [10] , numerical curve fitting was performed giving the tertiary structural unfolding free energy, ∆G 0 Tert = 25.5±2.1 kJ·mol -1 , and the slope of the urea concentration dependence, m = 9.7±0.8 kJ·M -1 ·mol -1 . Correspondingly, the urea concentration with 50% signal change is at 2.7 M (see Table 1 ). This value is consistent with previous data [8] .
Effect of Urea on Catalytic Parameters
The urea effect on the Michaelis constants at 3 different concentrations, 0, 1 and 1.8 M, was examined. Fig. 3A shows the double reciprocal plot of 1/k cat versus 1/[DHF] using the saturated concentration of NADPH. Fig. 3B shows the double reciprocal plot of 1/k cat versus 1/[NADPH] using the saturated concentrations of DHF. The data were fitted by linear-least-square analysis. The kinetic parameters of K m and kcat max are listed in Table 2 .
These data are comparable with previous results at 20 °C [9] . The change of K m could reflect the affinity ability of enzyme to substrate. At 1 M urea, the K m for the DHF active site increases 1 fold, while for NADPH, there is almost no change. At 1.8 M urea, the K m for DHF increases 4 fold, while for NADPH, the K m increases 6.8 fold. These results also indicate that the DHF site is more sensitive to urea perturbation than the NADPH site.
DISCUSSION
Previous studies on urea activation mechanism of CHO-DHFR suggested that it follows a three-state transition model [1 and references therein]. At low denaturant concentrations, the enzyme conformations at its active sites become more flexible than the molecule as a whole [4] . In this communication, a direct comparison of the local conformation changes by employing the extrinsic fluorescence probe TNS at DHF site and the intrinsic fluorescence probe NADPH at NADPH site, respectively, provides some new information. In Fig. 1 , the conformation change calculated from enzyme activity change (line 2) is almost superimposed by the local conformation change at DHF as indicated by TNS fluorescence intensity decrease (line 3). The local conformation at DHF site becomes more exposed to solvent at the activation concentrations of urea. This result is consistent with the opinion that the releasing of DHF product is the limiting step of DHFR during its catalysis circle [11] . In contrast, the conformational change at the NADPH site (line 4) is more lagged than the DHF site. This indicates that the local structure at DHF site is more sensitive to urea perturbation than the NADPH site. At 1.8 M urea, the urea activation effect on CHO-DHFR reaches its maximum indicating that the local conformational flexibility at both active sites are essential for the full expression of the enzyme activity. Beyond 1.8 M urea, the local conformation changes indicated by these three probes are virtually superimposed with each other suggesting the cooperative unfolding at both active sites. The change of K m values for substrate DHF and NADPH also support the evidence that the local conformation at DHF site is more flexible than that at NADPH site.
The two-state unfolding transition curve as monitored by Trp fluorescence suggests that this probe is silent to the local conformation changes at DHF and NADPH sites. Thus a direct comparison of the tertiary conformational change with the local conformational changes at the active sites is meaningless. Considering the second transitions detected by enzyme activity, TNS and NADPH fluorescence indicate a global conformational change. Correspondingly, the relative tertiary structure change should be rescaled from 0.7 at 0 M urea to 0 at 6 M urea as showed in Fig. 1 line 6 , which indicate that it can also be superimposed by the second local conformation change transition curves. These suggest that the second transition observed by local conformational changes could also indicate the tertiary structure change.
Thus the unfolding of CHO-DHFR could be interpreted by a four-state mechanism N -A DHF  A DHF-NADPH  U where N refers to the native state, A DHF , activated conformation at DHF site, A DHF-NADPH , activated conformation at both DHF and NADPH sites, and U, the unfolded conformation. The sequential changes of local conformation at DHF and NADPH site at low urea concentration provide new information on its activation mechanism.
